Actinomycin D (ActD) is a transcription inhibitor and has been used in the treatment of certain forms of cancer. ActD has been reported to be a potential inhibitor of human immunodeficiency virus type 1 (HIV-1) replication due to its ability to inhibit reverse transcription. In contrast to what was expected, low concentrations of ActD (1 to 10 nM) upregulated HIV-1 replication 8-to 10-fold in MT-2 cells and had no effect on HIV-2 replication or on HIV-1 replication in MT-4, Jurkat, or peripheral blood mononuclear cells. The upregulation of HIV-1 replication was associated with an increase in HIV-1 transcription and a decrease in CD4 and CXCR4 expression. To further evaluate the effects of ActD on emergence of drug resistance in HIV-1 replication, a series of drug resistance assays were performed. Of interest, treatment of MT-2 cells with ActD also led to a high level of resistance to thymidine analogs (>1,000-fold increase in resistance to zidovudine and >250-fold to stavudine) but not to other nucleoside reverse transcriptases (RT), nonnucleoside RT, or protease inhibitors. This resistance appeared to be due to a suppression of host cell thymidine kinase-1 (TK-1) expression. These results indicate that ActD leads to a novel form of thymidine analog resistance by suppressing host cell TK-1 expression. These results suggest that administration of combination drugs to HIV-1-infected patients may induce resistance to antiretroviral compounds via a modification of cellular factors.
A characteristic feature of retroviruses is the presence of the enzyme reverse transcriptase (RT) (55) . This enzyme catalyzes the production of a DNA copy of the RNA viral genome for subsequent integration into the host cell genome (55) . The act of reverse transcription is a multistep process initially involving synthesis of the minus strand of DNA, using the viral genomic RNA as a template and a cellular tRNA as a primer. Minusstrand synthesis occurs in two stages (55) . The initial synthesis of the minus strand in human immunodeficiency virus type-1 (HIV-1) reverse transcription begins near the 5Ј end of genomic RNA. In this step, tRNA 3 Lys anneals to a primerbinding site and DNA synthesis proceeds for a short distance to the 5Ј end of the viral genome. This is followed by minusstrand transfer, i.e., translocation of the initial minus-strand DNA product (minus-strand strong-stop DNA) to the 3Ј terminus of genomic RNA. Minus-strand synthesis then continues until a full-length copy of the genome is made. During elongation of minus-strand DNA, the genomic RNA strand, once it has served its role as a template, is degraded by the intrinsic RNase H activity of the RT enzyme; this allows full-length minus-strand DNA to serve as the template for plus-strand DNA synthesis. Given the requirement for minus-strand transfer in the process of reverse transcription and the fact that this is a critical step in the retroviral life cycle that is not easily circumvented by viral mutation, agents that block this process, such as actinomycin D (ActD) (10, 15, 17, 26) , are attractive candidates as potential therapeutic agents.
ActD is an inhibitor of transcription (43, 52) and is currently used in the treatment of certain forms of cancer (12, 33, 59) . It binds to double-stranded DNA with a high affinity for GpC motifs (7, 16, 27) , RNA-DNA hybrids (54) , and single-stranded DNA (47, 57, 58) . ActD has also been shown to be an inhibitor of the minus-strand transfer step (10, 15, 17, 26) in reverse transcription. By binding to minus-strand strong-stop DNA, the drug inhibits the activity of the viral nucleocapsid protein, which is critical for efficient strand transfer (10, 17) . Thus, ActD blocks reverse transcription by a mechanism that is quite different from that of nucleoside RT inhibitors. It has been suggested that Act D may be able to serve as a novel therapeutic intervention in patients with HIV infection (10, 15, 17, 26) who have failed combination treatment (42) .
To examine the potential of ActD to inhibit HIV-1 replication, we initiated a series of in vitro experiments to determine the impact of ActD on HIV-1 replication in different cell types.
A high concentration of ActD was cytotoxic to cells and, as a consequence, viral replication was inhibited. To our surprise, however, at lower concentrations ActD led to an enhancement of HIV-1 replication in MT-2 cells, one of the cell lines used in our study. In these cells, ActD treatment resulted in a high level of resistance to thymidine analogs by interfering with the expression of thymidine kinase.
MATERIALS AND METHODS
Cells and reagents. The MT-2 (18, 19) , 41) , and H9 (35, 44, 45) cell lines, the HIV-1 proviral DNA clone pNL4.3 (1) , and the HIV-2-infected H9 cell line H9/HIV-2 MVP15132 (3; L. Gürtler, J. Eberle, and F. Deinhardt, Abstr. 4th Int. Conf. AIDS, abstr. 1662, 1988) were obtained from the AIDS Research and Reference Reagent Program, National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH); MT-2 and MT-4 were obtained from Douglas Richman; H9 was from Robert Gallo; pNL4.3 was from Malcolm Martin; and H9/HIV-2 MVP15132 was from Lutz Gürtler and Friedrich Deinhard. Jurkat and RD cells (a human embryonal rhabdomyosarcoma cell line) were provided by the American Type Culture Collection (Rockville, Md.). MT-2, MT-4, and Jurkat cells were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (HyClone Laboratories Inc., Logan, Utah), 10 mM L-glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml (RPMI-10) (24, 63) . RD cells were maintained in Eagle's minimum essential medium supplemented with 10% fetal bovine serum, 100 U of penicillin/ml, and 100 g of streptomycin/ml (EMEM-10) (24) . Peripheral blood mononuclear cells (PBMCs) were isolated from heparinized whole blood from healthy donors using lymphocyte separation medium (ICN Biomedical Inc., Aurora, Ohio) (24, 63) . PBMCs were stimulated using 5 g of phytohemagglutinin (PHA) (Sigma, St. Louis, Mo.)/ml and 20 U of native interleukin-2 (Roche Molecular Biology, Indianapolis, Ind.)/ml in RPMI 1640 supplemented with 10% fetal calf serum and 50 U of gentamicin/ml (RPMI-10G) (2) . The PHA-stimulated PBMCs were maintained in RPMI-10G in the presence of 20 U of interleukin-2/ml.
Generation of viral stocks. To generate recombinant infectious HIV-1 NL4.3 virus stocks, pNL4.3 was transfected into RD cells by using TransIT LT-1 (PanVera Corp., Madison, Wis.) following the manufacturer's protocol (24) . Briefly, 75 ϫ 10 3 RD cells in 2 ml of EMEM-10 in each well of a six-well plate was used for each transfection with the lipid and DNA complex (4 l of TransIT LT-1 per 1 g of the plasmid). After 24 h, 10 6 fresh MT-2 cells were added to the dishes, which were incubated at 37°C for an additional 24 h. The MT-2 cells thus infected were collected, washed, and cultured at 37°C for 3 days in 5 ml of RPMI-10. Cell-free culture supernatants were then obtained and stored at Ϫ80°C. The 50% tissue culture infectious dose (TCID 50 ) of each stock was determined as previously described (24, 63) . A stock of infectious HIV-2 MVP15132 was produced by cocultivation of the chronically infected cell line H9/HIV-2 MVP15132 with fresh uninfected H9 cells. HIV-2 virus production was determined by measurement of p27 antigen production, using a p27 antigen enzymelinked immunosorbent assay kit (Zeptometrix Corp., Buffalo, N.Y.). HIV replication assay. The level of HIV-1 replication under various culture conditions was determined as follows. MT-2, MT-4, or Jurkat cells (4 ϫ 10 6 ) were infected with 2,500 TCID 50 of HIV-1 NL4.3 , HIV DH12 , or HIV-2 MVP15132 at 37°C for 2 h. PBMCs (5 ϫ 10 6 ) were infected with 5,000 TCID 50 of HIV-1 NL4.3 for 2 h at 37°C. After infection, the infected cells were washed three times with warmed medium to remove unbound virus particles. The infected MT-2, MT-4, or Jurkat cells were cultured at 37°C for 7 days in 96-well flat-bottom plates at a density of 0.2 ϫ 10 6 cells/ml in 0.2 ml of RPMI-10 in the presence or absence of various stimuli. The infected PBMCs were cultured at 10 6 cells/ml in 0.2 ml of RPMI-10G for 7 days at 37°C in 96-well flat-bottom plates. Each culture was performed in quadruplicate. HIV-1 or HIV-2 replication was determined by measuring the amount of p24 or p27 antigen in the culture supernatants at day 7 after infection by using a p24 antigen capture assay (Beckman-Coulter, Miami, Fla.) or p27 antigen capture assay (Zeptometrix Corp.).
HIV-1 NL4.3 replication kinetic assays were performed as previously described (24) . Briefly, HIV-1 NL4.3 -infected MT-2 cells were cultured in the absence or presence of 10 nM ActD (Sigma). Culture supernatants were collected every day and replaced with an equal volume of fresh complete medium. The concentration of ActD was maintained throughout the period of the culture. To monitor HIV-1 replication, the levels of p24 in tissue culture supernatants were measured by using a p24 antigen capture assay (Beckman-Coulter).
Flow cytometric analyses. To analyze the cell cycle, MT-2 cells were cultured in the absence or presence of 10 nM ActD at 37°C for 1 or 3 days and then washed with PBS. Single-color flow cytometric analysis of DNA content was performed on both treated and control cell lines. The cells (10 6 ) were fixed by the addition of 1 ml of 70% ethanol. The cell pellets were washed with PBS and incubated in 1 ml of PBS containing 5 l of DNase-free RNase (200 U/ml) (Roche Molecular Biology) at 37°C for 15 min, and then 100 l of propidium iodide (0.5 mg/ml) was added to the cell suspension, followed by incubation on ice for at least 30 min. The stained cells were analyzed for red fluorescence (FL3) on a Coulter XL flow cytometer (Beckman-Coulter), with doublet discrimination achieved with an amorphous gate based on linear and peak FL3 signal. The distribution of cells in the G 1 , S, and G 2 /M phases of the cell cycle was calculated from the resulting DNA histogram by using Multicycle AV software, based on a zero-order polynomial S-phase model (Phoenix Flow Systems, San Diego, Calif.).
Virion-associated HIV RT assay. Culture supernatants from HIV-1 NL4.3 -infected MT-2 cells were collected, and cell-free crude supernatants were clarified by low-speed centrifugation (500 ϫ g for 5 min) and filtered through a 0.2-m polyvinylidene difluoride membrane filter (Millipore, Bedford, MA) to remove cells. An ultracentrifugation (10,000 ϫ g for 2.5 h at 4°C) was then performed, using 20% sucrose (wt/vol) in 150 mM NaCl-10 mM HEPES, pH 7.4, to pellet HIV-1 virions in the supernatant. The HIV-1 pellet was resuspended in the lysis buffer provided in the Colorimetric RT assay kit (Roche Molecular Biology). The reverse transcription assay was performed following the manufacturer's protocol, with the amount of cell lysate equivalent to 50 ng of p24.
Semiquantitative RT-PCR. The HIV-1 NL4.3 -infected MT-2 cells (4 ϫ 10 6 ) were cultured in T 25-cm 2 flasks in the absence or presence of 10 nM ActD in 5 ml of RPMI-10 for 4 days. Cells were washed using cold PBS, and RNA was isolated from the cells using the RNeasy Isolation kit (Qiagen Inc., Valencia, Calif.). Total cellular RNA was treated with RNase-free DNase I (Invitrogen, Carlsbad, Calif.) following the vendor's protocol. The cDNA was synthesized using the Superscript First Strand Synthesis system for RT-PCR (Invitrogen) with oligo(dT) and a cDNA primer for HIV-1 NL4.3 RNA (5Ј-TTGTTTTACAT CATTAGTGTGGC-3Ј). The synthesized cDNA (1 g) was serially diluted 1:4 (12 dilutions). Diluted cDNA was used as template for PCR to amplify thymidine kinase-1 (TK-1) or ␤-actin. PCR primer pairs were as follows: TK-1, 5Ј-GTGA TTGGGGGAGCAGACAAG-3Ј and 5Ј-ACTCAGCAGTGAAAGCCGCAG-3Ј; ␤-actin, 5Ј-GCTCGTCGTCGACAACGGCTC-3Ј and 5Ј-CAACATGATCT GGGTCATCTTCTC-3Ј. The PCR mixtures (50 l) containing 1ϫ Expand HF buffer, oligo nucleotide pairs (400 nM), deoxynucleoside triphosphates (dNTPs) (200 nM), and 0.7 U of Expand High-Fidelity PCR System enzyme mix (Roche Molecular Biochemical) underwent 25 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min with the final extension at 72°C for 7 min. The reaction products were separated on a 1% agarose gel (Biowhittaker Molecular Applications, Walkersville, Md.) in the presence of 0.5 g of ethidium bromide/ml and photographed.
Drug resistance assays. Drug resistance assays were performed as previously described (24) . Briefly, HIV-1-infected MT-2 cells were incubated in a 96-well flat-bottom plate in the presence or absence of various concentrations of drugs and cultured for 7 days at 37°C. The p24 levels in day 7-culture supernatants were measured by a p24 antigen capture assay kit (Beckman-Coulter). Each assay was performed in quadruplicate. 3Ј-azido-3Ј-deoxythymidine (AZT), 2Ј,3Ј-dideoxyinosine (ddI), 2Ј,3Ј-didehydro-3Ј-deoxythymidine (d4T), and 2Ј,3Ј-dideoxycytidine (ddC) were purchased from Sigma. Abacavir, lamivudine (3TC), and efavirenz (EFV) were obtained through the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH. Indinavir was provided by Merck Research Laboratory (West Point, Pa.). 9-[2-(Phosphonylmethoxy)ethyl] adenine (PMEA) was provided by Gilead Science (Foster City, Calif.). Sensitivities were reported as the concentrations of the drugs that inhibited p24 production by 50% (IC 50 s) (24, 25) .
DNA microarray analysis. A microarray gene expression analysis was conducted using the Affymetrix GeneChip system (Affymetrix, Inc., Santa Clara, Calif.). HuFL and U95A GeneChips containing probes to ϳ7,000 and ϳ12,500 human genes, respectively, were used. Isolation and preparation of the RNAs for GeneChip hybridization and quantitation were performed using the manufacturer's recommended protocols (Affymetrix). In short, MT-2 cells were cultured for 3 or 4 days in the absence or presence of 10 nM Act D at 37°C. Total RNA was isolated using the RNeasy kit (Qiagen) and mRNA was converted to doublestranded cDNA (ds-cDNA) by using the SuperScript Choice system for cDNA synthesis (Invitrogen) with an oligo(dT) primer containing a T7 RNA polymerase promoter to prime the first-strand synthesis. Biotin-labeled cRNA was generated by in vitro transcription (Enzo Biochem, New York, N.Y.) by the addition of T7 RNA polymerase and biotinylated nucleotides to the ds-cDNA. The labeled cRNA was hybridized to the probes on the GeneChips, which were then washed and stained with strepavidin-conjugated PE by using the Affymetrix GeneChip Fluid Station 400 (Affymetrix). Gene expression levels were determined following laser scanning of the GeneChip at 570 nm. The average intensities for each chip were scaled to 150, and differentially expressed genes were identified by comparing the chips using the Microarray Suite 4.0 software (Affymetrix). Genes differentially expressed at levels greater than threefold were considered candidates for further studies.
PCR amplification and direct DNA sequencing. Genomic DNA was extracted from HIV-1 NL4.3 -infected MT-2 cells (10 6 ) by using the QIAamp DNA Blood Mini kit (Qiagen). The nucleotide sequence of a 1,685-bp fragment of the HIV-1 genome containing gag (p7/p1/p6), protease, and part of RT was amplified by PCR with the Expand High-Fidelity PCR system (Roche Molecular Biochemical) with the following primer pair: forward primer (nucleotides [nt] 1881 to 1904 of pNL4.3), 5Ј-GAAGCAATGAGCCAAGTAACAAAT-3Ј; reverse primer (nt 3543 to 3566), 5Ј-GATATGTCCATTGGCCTTGCCCCT-3Ј. The reaction mixtures (50 l) containing 1ϫ Expand HF buffer, oligonucleotide pairs (400 nM), dNTPs (200 nM) (Roche Molecular Biochemical), and 1.75 U of Expand HighFidelity PCR system enzyme mix were subjected to 25 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 2 min, with the final extension at 72°C for 7 min. The PCR products were purified with the QIAquick spin PCR purification kit (Qiagen). Sequencing reactions were performed with the ABI PRISM BigDye Terminator cycle sequencing kit (PE Biosystems, Foster City, Calif.) with the sequencing primers 5Ј-AGAAGCAGGAGCCGATAGACAAGG-3Ј, 5Ј-AAGCC AGGAATGGATGG-3Ј, and 5Ј-ATAATACACTCCATGTACTGGTTC-3Ј. The reaction products were purified using a DyeEx Spin kit (Qiagen), resolved by electrophoresis on 6.0% polyacrylamide gels, and analyzed with an Applied Biosystems 377 automated sequencing system (PE Biosystems,); the protease and the RT gene were translated and aligned with the Sequence Navigator (PE Biosystems) (63) . Changes in the protease and RT regions were compared with the HIV-1 clade B consensus sequence as a reference (38) .
Western blot analysis. (48) . Total cellular protein content was determined using the BCA protein assay kit (Pierce, Rockford, Ill.). The lysate (50 g of protein) was loaded onto a 12% bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane (Invitrogen). Blots were then probed with 10 g of mouse anti-human TK monoclonal antibody (QED Bioscience, San Diego, Calif.)/ml. The primary antibody was detected with a horseradish peroxidase-conjugated anti-mouse Ig (Amersham Life Science, Piscataway, N.J.). A positive signal was detected with the ECL Plus Western blotting detection system (Amersham). The membrane was then stripped with the Restore Western blot stripping buffer (Pierce). Blots were reprobed with 0.4 g of mouse anti-human actin (Santa Cruz Biotechnology, Santa Cruz, Calif.)/ml. The signal was detected as described above.
Statistical analysis. Differences between HIV variants in comparative replicative abilities were calculated by using the unpaired t test using the StatView program (Abacus Concepts, Berkeley, Calif.).
RESULTS

Effect of ActD on HIV-1 replication.
Previous studies have demonstrated that ActD inhibits the minus-strand transfer step of reverse transcription, and it has been speculated that ActD may be a potent anti-HIV-1 reagent (10, 15, 17, 26) . To evaluate the potential inhibitory effects of ActD on HIV-1 replication in tissue culture, MT-2, MT-4, or Jurkat cells or PHAstimulated PBMCs infected with recombinant HIV-1 NL4. 3 were cultured in the presence of various concentrations of ActD (Fig. 1A) . Concentrations of ActD greater than 100 nM inhibited HIV replication in all tested cells. Trypan blue staining revealed that these inhibitory effects were likely to be a consequence of the cellular toxicity of ActD (Ͻ1% viable cells at more than 100 nM ActD). Interestingly and unexpectedly, however, low concentrations (1 to 10 nM) of ActD upregulated HIV-1 replication by 8-to 10-fold in MT-2 cells. This ability of ActD to enhance HIV-1 NL4.3 replication was not seen using Jurkat, MT-4, or PHA-stimulated PBMCs. To determine if the increase in p24 production in MT-2 cells was associated with an increase in viral titers or was merely an increase in the release of p24 antigens from infected cells, TCID 50 titers and p24 levels of tissue culture supernatants from control and ActD (10 nM)-treated cultures were compared. The TCID 50 titers of day 7 culture supernatants in the absence and presence of 10 nM ActD were 460 Ϯ 76 and 329 Ϯ 63 TCID 50 per ng of p24, respectively (P Ͼ 0.05). Thus, the increase in p24 levels in ActD-treated cultures was reflective of enhanced HIV-1 replication rather than merely being due to increased release of p24 protein from MT-2 cells.
To assess if the difference in virus replication was secondary to a shift in replication kinetics, levels of virus were measured on a daily basis for 10 days (Fig. 1B) . For the first 3 days after infection, there was no difference between the ActD-treated culture and the control; however, after day 4, higher levels of virus were seen in the ActD-treated culture (p24 concentrations on day 7 in the absence and presence of ActD were 569 Ϯ 10 and 4,522 Ϯ 72 ng/ml, respectively; P Ͻ 0.01). Therefore, ActD appeared to be acting by prolonging the time of productive infection rather than by enhancing infectivity. To further understand this enhancement of HIV-1 replication by ActD, the impact of ActD on the replication of two other viruses, HIV-1 DH12 (51) and HIV-2 MVP15132 , was also investigated. Replication of HIV1 DH12 increased from 53 Ϯ 2.3 to 403 Ϯ 50 ng/ml in the presence of 10 nM ActD on day 7 (P Ͻ 0.01). Replication of HIV-2 MVP15132 was not enhanced by ActD (p27 concentrations on day 7 in the absence and presence of 10 nM ActD were 460 Ϯ 35 and 513 Ϯ 119 ng/ml, respectively [P Ͼ 0.05]) (Fig. 1C) .
To determine whether these changes were a consequence of alterations in receptor or coreceptor expression, levels of CD4 and CXCR4 expression on MT-2 cells were also analyzed. Fresh uninfected MT-2 cells were cultured for 3 days in the presence or absence of 10 nM ActD and were then analyzed by flow cytometry for CD4 and CXCR4 expression. Of note, the expression of CD4 and of CXCR4 on ActD-treated MT-2 cells was downregulated by 30 and 80%, respectively (Fig. 2) . Therefore, the increase in HIV-1 replication induced by ActD after 4 days of infection was not due to an increase in receptor or coreceptor expression leading to enhanced infectibility in later rounds of infection. To define the cell specificity of this phenomenon, MT-4 or Jurkat cells and PBMCs were also treated with 10 nM ActD for 3 days and the expression levels of CD4 and CXCR4 were monitored. The CD4 expression on MT-4 cells and Jurkat cells was upregulated by 1.5-and 2-fold, respectively; however, CXCR4 expression was not influenced by the treatment. ActD had no effect on the expression of CD4 or CXCR4 on PBMCs (data not shown). To evaluate whether or not the prolongation of time of productive infection was due to decreased syncytium formation and enhanced survival of infected cells, cultures were monitored for syncytium production. As seen in Fig. 1D , ActD treatment led to an increase in syncytium formation. MT-2 cells are transformed with human T-cell leukemia virus type 1 (HTLV-1) and produce infectious HTLV-1 virions (11, 31) . HTLV-1 has been reported to enhance HIV replication in vitro (4, 9, 34, 36, 62). To determine whether or not the enhancement of HIV production by ActD was due to enhanced HTLV-1 production, p19 levels in culture supernatants
were measured with a p19 antigen capture kit (Zeptometrix Corp.). No difference in HTLV-1 production was seen in the absence or presence of 10 nM Act D (the amounts of p19 on day 4 in the absence and presence of 10 nM ActD were 290 Ϯ 33 and 227 Ϯ 23 ng/ml, respectively [P Ͼ 0.05]). Therefore, the activation of HIV-1 was not associated with HTLV-1 activation.
To determine the direct effects of ActD on HIV-1 RT activity in MT-2 cells, RT enzyme assays were performed using lysates of HIV-1-infected MT-2 cells. Various concentrations of ActD (0 to 100 M) had no direct effects on RT activity (data not shown). To examine the effect of ActD on HIV-1 gene transcription, a semiquantitative RT-PCR was utilized to compare the levels of HIV-1 RNA and ␤-actin in control and ActD-treated cells (Fig. 3) . To confirm the absence of contaminating DNA, control cDNA reactions were prepared in which RT was omitted from each reaction mixture. Amplified products were not seen in these controls (data not shown). In the presence of 10 nM ActD, HIV-1 RNA transcription increased 16-fold. Therefore, despite its well-known ability to inhibit transcription in most systems (43, 52) , ActD enhanced HIV-1 RNA transcription in MT-2 cells.
Effect of ActD on drug susceptibility. Given the enhancement of HIV-1 replication in MT-2 cells by ActD, we were interested in determining whether or not this increase in replication had an effect on the rate of emergence of drug-resistant variants. To address this question, a series of drug resistance assays was performed to determine the IC 50 s for a series of drugs, utilizing control or ActD-treated cells (Table 1 ). In the presence of 10 nM ActD, HIV grown in MT-2 cells showed a high level of resistance to thymidine analogs (Ͼ1,000-fold increase in AZT IC 50 , Ͼ250-fold for d4T). In contrast, only a modest increase (two-to fivefold) in the IC 50 s of indinavir, ddI, ddC, 3TC, abacavir (ABC), PMEA, and EFV was observed in the presence of ActD.
To better evaluate the impact of ActD on resistance to AZT, MT-2 cells were infected with HIV-1 NL4.3 and cultured for 7 days in the presence of 1 M AZT with various concentrations of ActD (Fig. 4) . In the absence of ActD, HIV-1 replication was inhibited 96% by the presence of AZT. The inhibitory MT-2 cells were infected with HIV-1 NL4.3 for 2 h at 37°C. The infected cells were cultured for 4 days in the presence or absence of 10 nM ActD. Cells were washed and RNA was isolated. The RNA was treated with DNase and subsequently used to synthesize cDNA. The cDNA (1 g) was serially diluted 1:4 and then served as template for subsequent PCR to amplify HIV-1 RT or ␤-actin. To confirm the absence of contaminating DNA, control cDNA reactions were prepared in which RT was omitted from each reaction. Amplified products were not seen in these controls (data not shown). ␤-Actin served as an internal control to monitor the efficiency of amplification of each of the RNAs. The PCR product sizes of HIV RT and ␤-actin are 1,540 and 353 bp, respectively. MW refers to a molecular marker consisting of a 1 kbp ladder (Invitrogen).
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on October 23, 2017 by guest http://jvi.asm.org/ effect of AZT on HIV replication was completely suppressed by the addition of ActD at concentrations of 3 to 10 nM. To understand the mechanism of this high level of resistance to thymidine analogs, we first performed proviral DNA sequencing of the HIV RT gene to look for known mutations associated with drug resistance (49) . No resistance-associated mutations were found in the protease and RT regions (data not shown). These data suggested that ActD led to thymidine analog resistance as a consequence of changes at the cellular level.
To examine this possibility, a DNA microarray analysis was performed with MT-2 cells in the presence and absence of ActD. The results of this analysis revealed that ActD treatment led to a 27.3-fold downregulation in transcription of the TK-1 gene, a gene that catalyzes the initial phosphorylation of thymidine analogs (14) . Similar changes were not observed in other nucleoside kinases, including adenosine (no change), cytidine (1.3-fold increase), and guanosine (1.4-fold increase) kinases. To confirm the downregulation of transcription of TK-1, a semiquantitative RT-PCR analysis was performed. The cells treated with 10 nM ActD had lower expression of the TK-1 gene in a setting of no changes in transcription of ␤-actin (Fig. 5A) .
To define the impact of this decrease in RNA transcription at the protein level, Western blotting was performed using anti-TK-1 and anti-␤-actin antibodies. MT-2 cells treated with 10 nM ActD showed an 85% decrease in the expression of TK-1 and no change in ␤-actin protein expression (Fig. 5B) . TK-1 is a cell cycle-regulated enzyme and its activity fluctuates with DNA synthesis, being high in dividing and malignant cells and low in quiescent cells (50) . To assess the effect of ActD on cell cycle progress in MT-2 cells, a cell cycle analysis utilizing propidium iodide was performed (Fig. 6 ). The percentage of cells in S phase in control and ActD-treated cells was 30.6 and 1.6%, respectively (P Ͻ 0.01). To assess the impact of HIV-1 infection on cell cycle progression in ActD-treated MT-2 cells, HIV-infected MT-2 cells were also analyzed. HIV-1 infection had no effect on the decrease in the percentage of cells in S phase observed after ActD treatment of uninfected cells (data not shown).
DISCUSSION
ActD has been reported to be a potential inhibitor of HIV-1 replication due to its inhibitory effect on minus-strand transfer during the process of reverse transcription (10, 15, 17, 26) . Despite the strong prior data on inhibition of HIV-1 reverse transcription in vitro, the present study has demonstrated that low concentrations of ActD (1 to 10 nM) actually enhance replication of HIV-1 in MT-2 cells. Of note, this effect was limited to HIV-1. Similar effects were not seen with HIV-2 MVP15132 or with HIV-1 replication in Jurkat, MT-4, or PBMCs.
In an effort to determine the mechanism(s) underlying this phenomenon, we examined the effect of ActD on HTLV-1 production, HIV-1 replication kinetics, receptor and coreceptor expression, transcription of cellular genes, and effects on cell cycle. As mentioned above, MT-2 and MT-4 cells are HTLV-1-transformed cell lines. HTLV-1-transformed cells produce infectious HTLV-1 virions (11, 31) and a number of cytokines (21) . HTLV-1 has been reported to enhance HIV-1 replication in vitro (4, 9, 34, 36, 62) . MT-4 cells produce low or undetectable levels of HTLV-1, while MT-2 cells are high-level producers of the virus (31) . Since ActD enhanced HIV-1 replication in MT-2 cells but not in MT-4 cells, it was speculated that the mechanism of HIV-1 activation by ActD might be mediated via the activation of HTLV-1 production from ActDtreated MT-2 cells. However, this possibility seems unlikely, since we were unable to find evidence that ActD enhances HTLV-1 production Our evaluation of HIV-1 replication kinetics revealed that replication was enhanced only after day 4 of infection (Fig.  1B) . In addition, ActD treatment downregulated the expression of CD4 and CXCR4 on MT-2 cells by 30 and 80%, respectively (Fig. 2) . Therefore, ActD does not appear to be acting by extending the time of productive infection or enhancing the infectibility of MT-2 cells. The data are more consistent with the influence of ActD on the magnitude of productive infection. Since ActD downregulated the expression of receptors for HIV-1 infection, it was speculated that ActD might result in less syncytium formation and prolonged survival of infected cells. However, as shown in Fig. 1D , ActD enhanced syncytium formation in MT-2 cells. As demonstrated in Fig. 3 , ActD leads to an increase in HIV-1 transcription. Thus, the present data suggest that this effect of ActD on HIV-1 replication is most likely a result of alterations in virus gene transcription. Whether this is due to increased transcription or increased transcript stability is the focus of ongoing experiments.
ActD enhanced HIV-1 NL4.3 and HIV-1 DH12 replication by FIG. 5 . ActD treatment downregulates transcription of TK-1. MT-2 cells were infected with HIV-1 NL4.3 for 2 h at 37°C. The infected cells were cultured for 4 days in the absence or presence of 10 nM ActD. (A) Cells were washed and RNA was isolated. The RNA was treated with DNase and subsequently used to synthesize cDNA; the cDNA (1 g) was serially diluted 1:4. The diluted cDNA served as template for subsequent PCRs to amplify TK-1 and ␤-actin. To confirm the absence of contaminating DNA, control cDNA reactions were prepared in which RT was omitted from each reaction. Amplified products were not seen in these controls (data not shown). ␤-Actin served as an internal control to monitor the efficiency of amplification. The PCR product sizes of TK-1 and ␤-actin were 540 and 353 bp, respectively. MW refers to a molecular marker consisting of a 100-bp ladder (Invitrogen). (B) The infected cells were washed and cellular protein was extracted using RIPA buffer (see Materials and Methods). For each blot, 50 g of total cellular protein was loaded on a 12% bis-Tris sodium dodecyl sulfate-acrylamide gel, and Western blotting was performed using an anti-TK-1 antibody. Subsequently, the antibody was stripped and then the blot was reprobed using anti-actin antibody. Images were quantitated using the Epi chemi II Darkroom and LabWork software (Ultra-violet Products, Ltd., Upland, Calif.).
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8-to 10-fold in MT-2 cells but did not stimulate HIV-2 MVP15132 replication in these cells (Fig. 1C) . HIV-1 and HIV-2 both require the trans-activator Tat protein for viral RNA transcription and viral replication in host cells (46) . Since ActD enhanced HIV-1 replication without modifying HIV-2, it is unlikely that the effect on HIV-1 is mediated via Tat. Semiquantitative RT-PCR and cell cycle analyses revealed that ActD treatment enhanced transcription of HIV-1 DNA by 16-fold (Fig. 3) . Thus, this ActD effect in MT-2 cells appears to be related to an increase in RNA production, despite the well-described activity of ActD to inhibit transcription. Using a transient promoter function assay, it has been demonstrated that ActD activates the HIV-1 promoter in HeLa cells via an enhancement of phosphorylation of RNA polymerase II (Pol II) (6) . Further studies of the mechanism of this effect have revealed that ActD leads to a dissociation of the complex between 7SK RNA (a small nuclear RNA) and P-TEFb (Tatspecific transcription elongation factor complex) (39, 61) . Once dissociated, the inhibitory effects on this complex on the phosphorylation of Pol II are removed. Thus, it is possible that ActD leads to an increase in HIV-1 replication by a similar mechanism. However, given the fact that ActD enhanced HIV-1 replication only in MT-2 cells (Fig. 1A) , an additional mechanism may be involved. The precise mechanism is still unclear and is now the focus of additional work.
An additional unexpected finding was the development of multidrug resistance in the presence of ActD (Table 1) . We speculate that the broad low-level resistance was not truly resistance but was a reflection of the high level of viral replication, requiring a high concentration of drug. In contrast, 10 nM ActD treatment led to high-level resistance to AZT and d4T without induction of nucleotide substitutions associated with drug resistance. Western blotting and RT-PCR pointed to a downregulation of TK-1 as the likely mechanism for this phenomenon (Fig. 5) . TK-1 is a key enzyme in the salvage synthesis of thymidine monophosphate (TMP) from thymidine. Intracellular TMP is quickly phosphorylated to dTDP (TDP) and dTTP (TTP). Since TTP is an allosteric effector of ribonucleotide reductase, imbalances in the TTP pool disturb the supply of both purines and pyrimidines for DNA synthesis and repair. Therefore, imbalanced dNTP pools increase the mutation rate (37, 40) . Even though ActD suppressed the expression of TK1 in MT-2 cells, we have not seen any drug resistance mutations during short-term culture. However, it is possible that ActD might facilitate the rate of emergence of HIV-1 mutations associated with drug resistance during longterm passage in MT-2 cells.
TK-1 is a cell cycle-regulated enzyme. Its activity fluctuates with DNA synthesis, being highest in dividing and malignant cells and lowest in quiescent cells (50) . The expression of TK-1 is meticulously controlled at the transcriptional and posttranscriptional level (28, 53) . Its activity increases markedly after the G 1 /S transition and then declines rapidly in G 2 (50) . Replication of retroviruses depends on cycling cells. Passage through the G 1 /S phase of the cell cycle is essential for efficient reverse transcription (8, 13, 20, 22, 23, 56) . ActD is known as a cell cycle synchronizer that arrests the G 1 phase in the cell cycle (5, 29) . However, in MT-2 cells, cell cycle analysis revealed that ActD decreased the number of cells in S phase (Fig. 6 ). Therefore, the described decrease in the TK-1 level in MT-2 cells following ActD treatment may be a consequence of having fewer cells in S phase.
Here we demonstrated that ActD treatment downregulated TK-1 expression in MT-2 cells. The initial phosphorylation of AZT and d4T by TK-1 is a critical step in their metabolism, leading to chain termination of DNA synthesis during the RT phase of HIV replication (14) . Resistance to nucleoside analogs, e.g., AZT, has been well studied at the level of the virus. Amino acid substitutions (49) , insertions (49) , or deletions (24, 25, 30, 60 ) can lead to high-level resistance to AZT. In addi- tion, as reported here, it appears that AZT resistance can also be seen following chemotherapeutic manipulation of the host cell by downregulation of TK-1 expression.
